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PHOTOSYNTHESIS 

Mehd.:n Calvin 

Depa.:r.'tment of Chemieb·y &nd Radiation Laboratox-y 
Univel:faity of Californi.av Be:ii."keleyv Califo1rnia 

JJune 1958 

. UCRL~~tH,73 

The uae of tlf~Cq);.l'f call:'bonD as (Carbon= ~4 0 has made possible ~on.sid€Hr~ble 
pl('ogre~s in the mapping of the route a taken by the carbon atom born CO

2 
into 

pb.mt sub~b.nc~e o The technique a of' !$epa1fation .and iden.tifie~,tion th~t have made this 
plrOE;l"<at.Hf possible He lal"gely in the :region of «:;hromatogifaphy and If~dioau:itogifaphy 
iuvolving ba~tion~l=gamma amounts of mateifiaL Most of the eadie~.r steps of 
cru'bon hl~OFpOifation are now knowno In addition. a number of the late1f ~:.tepa on 
the lfout®s to amino adds and pl1'oteins and othelf' plant au,bstan«:!es ~!fe nO\'' under 
investigation" 

As a ir~eult of the Ifecognition of the eadier stages of carbon incox'po:r:ationc 
.?J. number of plropol!l.Us hav<e be'~n l'll&de about the p}u)to~lu:!mk~&l ad itedfn Theel! 
plfopoeahl ha:we led to the development of directt-phyaical tes~E~ of theirr w&Hdiiyv and 
mome :rf'tel@ults of the~e. v.lill be det!HG:rribed, 

The lfemaining p1E'indp~ a:rrea of inv,es~ig~tion involving the route of 
oxygen atoms f!fom w~1ter." to mole«:ulalf oxygen ia lalfgely \:me:i!;plo:tred" but ~e use 
of. new meli:hods of analyzing for the heavy isotopes of oxygen may make posr!'lible, 
moF.'e pl'ogrress in this &l'ea. 
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PHOTOSYNTHESIS t 

Melvin Calvin 

D~pa:r;tm~nt of ChemistZ'y and Radiation .LaboY.catoFy 
UniveY.aiity of CaHf.orm.& 11 Be:!i.'keleyv California 

June 1958 -

The .problem o!-photosyntheeis is the p~oblem of d©fining the way in whi«::h 
gll:e~n pla.nts are able to i:::onveY.t elect:li.'ornagnetic energy into cheur.i«:;a.l pote.:n.tiill>l 
in th.e form of rteduc®d carbon" usually a,tj 4':aEboh.ydR"ate 0 and mole~ular oxygen .. 
Figu:re A will give you ~o~e idea of the pla~e in which the tl?aceYr m.ethod found, it·~ 
~elf at the beginning of this work, This shows echematically the pi'oblem ;al,l we 
sa.w it in 1945" Light energy is ~bsorbed. by the chlorophyll in the gl"een. ph~mt 
@lnd in eome way is conwelfted into a fol"m that lead$ ultimately to a Feq:mdng com= 
pou.:ndv he1re labeled. Hp and an intermediate: oxi~a.nt bE.ri:ween wate1r and ·xnole~ula.r oxy· 
genp he:;r0 lab~led as Av Bo and Co On the other hand~ the 11'edudng <lg€!lnt pF'ima~ily 
pl!?oclu«:ed (or ®V\'Zm ~ett:ondaJrily pil'odue::ed» by the light is used to Jredui.i!e the ~alfbon 
di .. oxide titnough & aequence of intell'mediates r. he:re i.ndi~a.ted by X" Y. and Z" 1\~lti= 
n'l.ta1tely bdnglng the carbon to the level of «::&lfbohyd:r?a1l:eo This wa!il appreoxi:ma1tely 
the 8fm.t:e of oux- knowledge in 1,945 when the cesma.tion. of t:he W@l.:if per:mitt~d a lfEJ= 

sumption of @l.divitiea in this dilfedion" P0li:'haps the ·sbongest .~tim".lu~ to thi~ 
work was the avaib.bility of cal!:'bon= R4 0 whid:a has a 5000=yeair half lifen l.,Q~.Jrg~ 
amoun.ts of «;arbon~·1.4v l'felatiwely cheaply m.ade in nud~all' t'ea.t<'::t01f3 0 Jr®aliy 
pt>ovlded ~.h® enoli"'mOu6 illltimulus for t:re·adng the path «shown in F.ign 1)) that 
~~!~"bon atoms take born (Cairbon dioxide neaX' the bottom" through whate:ve:f!' 
s~quen~e Q{ compc:n:mdlJ' it may appeal' in to the ~arbohydrde at the V.:op" · .And 
h®:!?® ~:r® ~®gm.n OU.E' wolrk in J~nuali."y of 1946n , 

Figure Z illt.u~t'lrate~ diagli."amm@l.ti~Cally the t!'ace1f mdhod \Ulled in the path·-of.· 
<e<il.Ebon stuci'd.eie" 1 The le®f lt'eprel!llentf.J the gll'e{;)n plant that we. use 9 an.d it iUu.stJ:atea 
the .pdndple of the tE'aee>r method. The ca:rbon dioxide entei'a tb.e le<af in the 
~~rrn of t~e CO2, ~tll."ea~ that the leaf is <!l.bso'lt'bing 0 and i~ pai!HH~s 1thr?ugh wha.teve)];' 
:P.nteli"'med:~.ate~ may be ll.nwr;lve,d 9 m~.li"'ked X 9 Y 0 and Q 0 uU:1mately enchng up as 
sugalf, Othelf ~ompound~ present in the plant do not immediately acqu.it"e 1-'ad.ioe, 
adive 1{;/L\:!fbon be«::&uae they iiil.l"~ not di:redly on the 'tli"'ace:r line.; Tbifll iso ip. · 
e86\ence 0 . the plrindple of the meUhodth~.t-we \UH~o Of (;;0Uli."Se 0 if we let ~e :radio= 
'<Adhre ~:aR"bon be abs.oll:'bed by' the plant forc> a long per·iod. of time a U; will fi);:ad ih 
way into aug1§>.r, f.! we «:u.t th.e time down~ we 'llfiill fbid only X and Y; if we I!;Ut it 
sdll aho:rtelrv we wiU_find on1ly Xo Compounds not on the patth 9 such aa Ov 'Will 
not l!l'.cquiFe the la.belc, 

fu OR'Q6lf.' to do this kind cf WOlrk we bad to have & lrepi'Odudble living 
o:rganiemv a>.n organi.em tthat would perform at the 1requ.eat of the chemht and give 
the eliJ.me <1$nBWeJr evelry tltme a spedfi.c queotion Wfil.('l put" Th.b w;u;n ~t e_agy to 9-e= 
vise==fol? a ~hen'liat==lilo we had to d~wise our own iHfaJ?m11 on which we could g~ow 
.the o~g&niam~ we woulrll. use foX' this stutdty in 1:nu:h a way that we could depend upon 
theh· identi~~ b~havioJX' bom day t<J! day~ Our p~®se:nt f2llolfm ~o:nsista of i> !!;Ontin= 
1.U>\ll$ tub® ~uUu:r e of W1iq;:teU.ub.ll" gween &.lg&~.® whose dtmlility is rt;Ontlf'olled by a 
pb.oto©®llo F1guif~ l ~howB ~ photomi(I';J1.00g'R'aph of the Ollg:ae them~elweso Th~se: an>e 
Chlo?®U&. HE!ll!"e yo~.R have some id.~a of ~h.e sizeo 'rh~?. «.:up,=$ha,ped ~hloFop.liastil0 0 
wit:li"U;~--~oplml§:r;a awo,md them" ~~!~how ¥®'ify wen neal\" the ~ent®n>., 

~ .. -r:~.,---: -·-.----
. The work ~€l!'l1~.:db~Bd\ b'A ith~m pap®Lr W<.?11Jl liii~@ta.~.~~rt~d bj-}' jl:h.e U., S~ Afwm.~~ ElTh.®R'!!fr 

Coxn:mi~ ~i©ll.llln 
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Fig. 1. Elementary photosynthesis scherr1:e . 
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Fig. 2. Schematic representation of c 14 
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Havin.g de'lfi Red th® farrn and gy~·own tlu~ 8.lgae,. \!1.7~ then e1r.pose tht:; :3J.ga~ to 
:wadiocan:bon fol' a f!ho1•t pel7iod of time, .}.i''ollowing the (::xpoau:r.e,) the algae axe 
killed in a waHet.1r of ways" and <ln. extr&ct of the alg~e is prepa:red which 'Will be , 
Ul.iHIH'l f.oF ~naly111iso The method. of an«Uysie tha.t we us~ i.~ paper;· d'-:tromatosR~phy, o!. 
A 1!\imaJl bit of the exb:><M:t i~ placed on a corner- of a. piece of f.ilte:r p2'.pe1f· 0 ~ui~table 
sobrente are aUowed to l~un ov·er the pape:w 9 b':lus separating the m.iJ>.tuYe of comp~#undR 
into itfj vawious constituentsr, and then we find which ones .ali?e zradioadive by 
exposing a photog:raphic film to the paper 0 Whell:'ewe:r thenre is a l:'Oll,dioadive compounrt 
on the pape:,;: the film becomes black 9 and we thu!!! know .whe:r.e the :!fadioactiw(t) com~, 
pound~ .a.:!:'e on the paper. Then we proceed to d.eteX'mine what they alH~o Fl:'cm vJ.J.:e:L!r 
po$ition on the papenr9 we have a due.as to wh~t they aF'e. but not a complete 
identi:ficationo Having found themp we can theri elute them off tbe paper an.d. pe:dorm 
~~;hemht:Ry" put them back on the paper again0 and see what happens to them .. - In this 
wayo we: we1re ultimately able to identify the compounds, 

e 

Afi! ~ result of this opel'ation 0 we have. in Fig" 4. a eh:r.omatog:!fam showb1g lit 
ll!lpots, Thi31 shows you wh~t h~ppens aftex- 30 seconds~ exposure to xadiocrt.Jfbon" and 
you will $ee that there a!fe about a dozen compounds hel\"e that a!fe labeled ithere ~rce 
a lot more fthat at.X'e not ltAbeledp" Thirty seconds~ you seev ilil much too long,) and ~o 
we ~ho;rt®ried the time;; Fig" 5 shows a chx-omatogFam of a 5~ l§econd exposull?e" @i.nd 
you can see one c;ompound p1redomi.nating" It requi:K'e@ a much mote detailed. kiJ:1etil!:; 
analysis to determine which might be next in line. A&i falf me oull" isolation pxo= 
cedure is conce!i:'ned=·o·n<~Amely v hot akohol and extlf;rM:tion==3=phosphog1yce;rate i~ 
the fill."'st one we can isolate by thi8 method and identify 0 Other methods of i.eolation 
have ~ince bteen t:!\."ied" and we have found 'llrha.t we think may be plfede~ee !110l'ni to 
pho~iiphoglyce1rate ae well" 

The phosphoglycerellte ·has th:~ree ca.irbon atome i.n it; thus it became neceeaa.lry 
for us to determine whi~Ch of these thrtee <~:arbon atoms has 1!;he :!radioa.dive cal"bon in 
itQ and if it were in more than one of these «;;a:trbon 0toms. in what :rratioso Thia 
involved deg:rr@!.dation. and we found that at the vell"y sho:ttest times the ca:tboxyl 
group of the phoephoglytt:eric addr, whose at1ructuxe ia shown in Fig" 6P wafl the 
one that was labeled" Now 1!:he phosphoglyceFic add (PGA)r is in the upper left:=hand 
corner. The phosphorus with a dlrde around it is a phosphoric acid esteX' group 

· 1P03H~»" and the star. indic<l!tes the a~.tom that contains the greateat amount of 
ra.dioadive C<llt"bon" Following this" flt"om the S(§),me experiment. we were a.ble to 
ifiolate a eix=~arbon sugal!" ~ fJructose or glucotH~o l!"epresented in Fig" 6 by fx-ud:oee 
dipho!ilphate ((FDP»" We «Jllso took a.parrt this eix=Calfbon flfud:ose molecule and found 
that the label w;as larrgely on the two carb.on atoms in the middlen This ilmmed.iatl:ely 
calla to mind the way in which hexoses alfe splitc that ill!" fi:hey are tili!ken apalft by 
8plitHng a hexose ~n the middJ.e 9 making twothrri!.H~=cal!:'bon piecesv and then on downo 
We the11 suggested" six Oll" eight years agov that the he~oee was .m<i£d<l.': by the ll'ewerr!H'. 
plfo«::eiHI 0 from the three~,«:::@tlfbon phoaphogly~e:ric add thJrough the tt<i.oee" ultim@'.tely 
giving the hexose" lit gave us a, faidy deal" pidux·e of how the eix=ca:!fbon unit was 
put together born thFee~·" but it gave ua no information about: lihe Olfigin of the thr~e= 
ca1rbon piece itself except that the tCa!<'boJtyl glfqup of the phosphoglycelfic add w~s. 
de$.dy the one that ·wae ~.eoming diredly.frrom the co

2
" 

. 
Helfe is wheJre oul!" ~:tithmetk de~~i:·wed us a little bito Be~ause the carbo~yl 

g:reoup «;:omea flfom the ~arrbon dioxide" whi~h is w. one=~arrbon ~ompound 0 a.nd the 
1re~ulting <l!o:m.poundl. i\s a thwee=<ea:rrbon ~oni.pou1nd. we :t?e~.tilOIHi.:d that we must look fog> 
@'. two=«;ml&'bon compov.nd fl;o make up the dif:feX'enceo This is vwhe:il'e we m11d<a a m.iatl;~<a" 
It waiil a~. gcocil ell'!l.ou.gh Jr€~son ~t lt:h\?l tim.e 0 ®ndl iC led uB not to a "wo~·«::al"bon ~ompo"Und 
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Fig. 3. Photomicrograph of Chlorella. 
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ZN-1959 

Fig. 4. Chromatogram of extract from algae indicating uptake ' 
of radiocarbon during photosynthesis (30 seconds). 
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ZN-1968 

Fig. 5 . Chromatogram of extract from algae indicating uptake 
of radiocarbon during photosynthesis (5 seconds) . 
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MU-1562a_ 

Fig. 6. Path of carbon from C0 2 to hexose during photosynthesis. 
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lllutt to almost eve.wything elae but a two·=Ca.J.C>bon ~ornpoun<L . We found a ilv~"·C@.:ifbf.n'! 
tl-uga~~B but we also found a seven=caJrbon suga:r. 9 which W<?J.s veFy st:fange" Jfigu.J.·e 7 
$hoV>;•s the names ~nd formulas of th~HH~ compounds. together;' with the d.ia.i:ldbution 
of wa~.dioadh·it.y in the CG>lf'bon &tome of each, Helt'e on the left &Te aJhown 
phoe>phogly<te:d,<e acid (PGAp" the fiv~,;,ca;rbon sugar {0:11, ~- 1h~eplre!Hmtatiwe of it» 
labeled Ru.DPQ 1dbulose diphospha.te; in the middle£, the seven=ca.~bon su.ga1J: . 
b.b1ded SMPv called sedoheptulose monophosphattE~;; and finally a skeleton J:epl"~~ 
tH!ll"ttation of the six=C@J.irbon ~Suga.rs on the dght=ha.md edge of the figureo The eit&lf~ 
<lU'e placed to give some idea. of the rel~tive dist1rlbution of the :rradioadi'l:<'·e ~arbon 
in e<J.~h of these compounds" You will notice that the pentose has a we'!fy quetelf 
dish'ibution of 'Jf~dioadhre .t:t.l"bon. The two top c&&'bon .<.\toms of the RuDP' have 
adivity in them «a ama\..U amount)v the middle carbon atom is we:Jry n.not.p" ·and the· 
bottom two hawe very little adivityo You v1.riH find in looking at thi.s ltiltequ.ence that 
the fivc=«.:a'Jfbon distlfibution does not exist intact in either the six<~ Olf the Beven= 
<eal£"1-t:..~ri compoundsu and we had. the:r:efoi"e. to devise som-e way of Cll:'ea.ting the 
fiv~a·call"bon compound that haa this pa~ticulat: diet:ribtttione It wa5 not unii;H we 
:weaH~ed that the five=ca:Jrbon suga:Jr 9 :~ribulose diphosphate~ had more than ~ne o1rigin 
that we we;re able to devif.l!e a way of c:weating a fiv·e=ll:al?bon d:a~in ,Jrith th«lt p~lr'ti~ul;;l.~ 
distlribution of :~tadioactivityo wv;. did it' in the mannelf shov;.'n. in FigQ 8. 

He:re you 8ee two five=ca:~rbon sugaFSD xylulose monophosphate and. :ribos® 
monop.hosphate~ clfeel.ted by taking two ca:~rbon ~toms off the top of the sedo=· 
heptulose and adding them to a h'iose phoaphah~" When you, take two off~- ~~v~n 9 
<Bl. five is left; that is the :r.ibose" When you idd f'wo to a thE"eeD a five iia (':t'ea.1ted;; 
that is the xylulose, What we· were an@.lyzing wa.l!!i ldbulose m~de f1t"om both of the!iita? 
~nd thian then, when the dist:wibution is averaged is what we needet.L We manuf<Eidu:g>c~ 
it f:Jrom th.E'ee-= and seven~ca1fbon molecules Q The three~ca:rbon t:!fiose" we m®.ke 
born the pho~phoglycedc add., We ma!.ke the five= by a combinafGion of a ae~•@n.~· 
and a th:lfee=·C&J:bon molecule. Now we have to de'ri2e a way of rr1ial.king the sev~n 
with th~t p~lrticu.lal' curious distribution. Thia became possible when we Jrea.Hz~€3, 
il:h<U.t ~h~ fH!lV®l!l=C&:IrbOn piece could be split between C 3 arid C4 by a l:t'e&t\:tion ahnost 
exactly the same ~s the l'e.acUon by which the hexose was ma,d<!!:. This ~ug,gel$\ted. 
that the eewen=carbon suga1r was/made flfom a four= ~.nd a thF.ee=cal'bon piece. Now 
the thl'ee we have aheady9 1\lO that we have only to get a four with the.p1roper: 
disbribution., A four, of this dis'tl'ibution_ exhrlta in the hexose 9 and this ie ~hown in 
Fig" 9o Here you'6ee the toriose=·~t©aJ.t is~ two trioses in equilibJrium with ea€:h 
othelf~ onf.l a ketone @lnd the o~hell" an aldehyde, one of them l'eilM~~ti!hg with the h@xo~e 
to foicm anodu:nC' pentose and tehe t€3itl\"ose sug@J.lt phosphate with the~ b.beli:ng we need, 
The t®tJi"ose !i:h~n <r::mnbinEHil with this other trios® {co for1·m a hepfr.o!!!!e~ the ~e~ren= 
:ealfbon suga.Jf wiit:h the p1rope:rc ll~beL Thus we hav<e cFeated the hept.otH':o the he~o~e,. 
and the pentose ~nd triose tha~ we nteededo · 

Flfom aU thifJ 9 we ha>.ve_ not yet found how the tt1!:'io~e pl';e\CtJ.lf$01' 9 namely, 
pho~phogly<r::ei:d~ @l.cid9 h. er.e~ID.te~L Thh WcUl not poesible fo1!:' ue until we m.mde 
quite a diffeJrtenfc kind of analysis 8 an analysis of the kindi«::s of the l::oise and £all 
of the ~ompo11nds in-the-plantt-as-a :fundio:n of eh.tll.nges in tbe exte:~rnal envilf~nm~n:L 
The biggest change tho.tt we (;~.n make in th<e ex.tel"n~. envi:Jronment of the plant is 
to tu1r:n the light off" sine~ this h the ~.i.ltimate sour~e of ener.gy. Figure l 0 ~how~ 
what hO!!.pp®n~j~ wh®n th~t is «;Jloneo This shows you ~method of using the amount of 
Jf<MHoaeU:iwity.th@l.t one finds on @1. pie~e of pO!l.pll:ll(" f!.:o d~te!fmine how mu~h of a pal;'~dculgr 
compound i~ p:~re~:&ent im the pl@l.nt,_ Wi\!:h the light on 'i:nd fthe pbmt photo®ynth®~izing 
in JfadioCal.X'bon foll' a long p®Riod of time you aee th®.t the phoephogly~e1!:'~te !!lpot on 
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Fig. 7. Distribution of radioactive carbon in certain sugars. 
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F . 8 Proposed scheme for labeling of pentose. lg. . 
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Fig. 9. Formation of·a heptose from triose and hexose. 
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th!~ papt~to ifl p't~~;,;ty nl\l.t.::h con:atune ln other \N'o;··d~~'- we hJWI?. Oll.tun<Led •h~ pr.;A 
with ~f<l-tH.c:!8d' bCJn~ ~.ud \Vc-t C6n n1;ak~ a count on th.H PGA spot .and find QlJ:\' fJ:()£'"1 •·h1,., 

r-~n.d, the fif.H~·dfic acth'ity of the F-adlo'C<J\xobon t.!'lat is fed into it how· n:mc:h PGA ' . ·~.,-a ~ F 

in 0:\<i.: pt:Jnt, '!'he ~a.m.e: ~:hing is t.;J:,'lH~ fob' !rfJ~u.lo:i-e dipho~;pbate.. At 400 rn(~·t·onds 
(lU. f'lgo ~0 '/;he J.ight :i.ft \:Ufc'n.~qd, Oft.. 'l\lOW W~ b~gin to see a! r.'apid tl;'an.aimut ~h~I;g.:~". 
F!-!'•>n·A ~J~ .tr.zutlyai s of these it"aneients ,. we wet"e a.ble to take oiti' next st_ep, , Yr)U 

wriU notV"~~ th,.,t what happq;n13 hc~:r~:; ~~.:;o $OOn <'J.·S the Hght is tu.l.t'ned Ollt i~ tha.~ \\'h~~ PGA 
:t-·is~Mo ~·w~ply and tth€:: RuDP !~Hs ~ha.<f·ply, This an.Hthes1s o.f behawiol? :immedi•:.tely 
t.-.u.gg~:e.ted that the one was going into t.he o\t.h~r,~~th?.lt the K"~.bulose was going into th(!. 
_phot:rphop.lytr:e:rZlf1e~ .. -a.n.d this hd.p<i!d ~l!Ei to find. the OR'igin of the f.h~ee··~l',;·ffirbon piece" 
Ribulcw e 'dipho.ephat'~ is c! five~ (;';.~rcbon e.::cmpc>und 0 and we add CO z to that €U:td g{;ll: 
~ix 'f.:arhon a'itcm!,<" ;nthi.dt can mak~.!! two mole!t!ules of the thlfee=~.;all."bon pit!~C~~ 
.pllo.sphog1~·y6."!~-1Jtic ae:;Y~d~r. / 

. No\rf :from thil? v;r~ Wteif~ led to <'!. simplified t;;;y~.lit: sd.l.£-.m"!., whkh ia ahO'\K·r\\1 
in F·{ir: ll q .. ~'he RuDP i.n the. uppe'lr ldt is .the :11'ibu.lose. diphosphate agaf.,~ 11 adding 
C0 7. to make· PGA" the ~hree~~at·'bon pie~r~c F!fom this,.· uaing light e:helf'!:W;. 
we 'i:n.r.:~ke the ~trios~ ?hosphaf,;o; flhat ia. ·we ll.'educeJ the thR'iete=Ca'lrbon ~dd tc1 the 
suga~ l~VC'll., ~.nd then by :ffi Se~ie~:> of su.gal1c t'f~il'E'Jl.•angementfll which have bt'$®ll shown 
~aieHe~·, f,;he tb.'P.eH;;l~Cc.tjfbOn S~uga:~r go~a, to the aix~ .and the tHl~ten·~" uU:imat@ly <\:(tming 
b~.tek t() the H-ve.,·Ci.!U'bon B.:ugiii\J'.?r, K'ib?lose moJtophosph~t@.l 0 Bhown in th~ low~nr ll.efitc 
Then anoTI:hew phot>pho~u~ iB- added;; .a.B a lt"@su1t of the light adion, t~- make the\ 
RuDP ~ and. the c:yd.e: ls <complete" This ~yde was s.ugg@S•(ted aB ~1 rre!5\\.;.ll.t o1f'n:he 
expeldm~nt on ttll'a.nsi<mt~ if:1 Figo ROo 

' !))tlt( it, in tt:urn" ~~:aggeij\t~ -l.'mofche'lr e1tpe:!rilmentt 'tihat had not yet b<r:en d!lne 9 

<iil~ f.lll.J;:> tm.ff> we weJJ.'e ccncell:"ned.9 n~ely9on ffue trr@in~ient li,e~:ulting f~om the change 
i~ the ~.::o:n<t:en.t:Jr,iiJ.t:i.on of th~ COlo~ -Ju.st a~ we t~~rned. off the Hght and M.o<r:ked t~e 
Slf€p h~tween PGA an1d tnosen so 9 p:reeeu.mOJ>.bly, we h(,l].ye cont1rol fr:om the out~Sl!.d.~ 
of the ~tep b~Stwl';len ll."ibulose diphosphate: and ·PGA in t.ali'ms of fche co 2 1ew®L We 
c_anv io:r cexample, sudd~nly It>emove the C0 2, ff we d~ that" we 1na1·y expect th~t 
the amount of il:he RuDP will :~rise be~~u.se it'has no CO~ to react with it 9 and the 
PGA will fall bec,~us~ the llJght ie :~remowing it a11nd it ia""bot being f@rmed in the 
~a.w.hoxylation lt'e.,M:tion¢ This expe1riment is much mol!'e difficult than the light·" 
d~:rrk one. but H: bas been dtoneo The 1t>?an~ients ha-.ve been iinalyzedQ and the ire= 
suJ.ta <l>.ree i~J,ho~rn. in Fig •. n ~0 Here you see the tt.:yde shown diaglr&mmatic€!llly;; on 
the left we ®.lfe 'l~unning ~t Ro/(1 C02~ mnd at the HD.e labreled Z~X'O time the ~ttopG;o~k ns 
il:uli:ned and we ch~ge f!fom R o/o CO 2 to OoOOl% CO2,. You «::~n Bee ~ha.tl: the initi~l 
pll'edidion i'~ am.ply fulfilled" PGA f~Us very l'i'api.dJ.y he~e while the R@DP i.~ F-Asing 

· wery R,hall"p!y c 

H~ving identified it'ibulose diphoapha~e as the «::arbon (Hox1.de .t!4.!«::®ptolr v 
4 

we be«::e.•.me in.itel?eetedl i.n .finding out U we cou!d de this ll"eiM:tion ou11:S~ide the platJ.tp 
Ein~e aU ~he ofi:htiH'~ had be(!lm d.on.e outsidte 1\:he plant by this Ume,. Fol' this we ntBed 
a c~~alystr a~ wcU a3 t.h.e RuDP,, The· ~at;;?.lyst would be an enzyme system p:goe::, 
aumg),bly pll"ee;c:mjt ft>ome\llrhe:!fe in fl:he plantv again prc~uma~bly veY:y dosely &ssodated 
with the light r('ea.cfdon «with the light"\Ca~i!:dtl.ing appa.ratua' in the chlolroplastsp" We. 
iSolated !Z!ome chlo~opla~h and w!lllshed them with wateno: the cn.zyrne washes ri.ght 

out\: of th.e ~hlo1.'oplafilf~s v01ry ~,....,ail$"v ire5~ulting in a fai.R'ly dea.n pit'eparation of. the: 
~n~yme6a:h~~; ~.aft:ruyz~e ~h.e "(I:~FboM.~laa:i?n of Rl.tDJ::> aU _the way ii;o phoBph?gly~eFic 

. ~c\::HL 5.. !htB RC<actb.on Hi l!!bown m F1g" ]lo Hcwe the RuDP 1rea~tt:B WJ.th the CO 
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Fig. 11. Formation of five-carbon sugars from ribulose 
diphosphate. 
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Fig. 12. Transients in the regenerative cycle. 
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Fig. 13. The photosynthetic carbon cycle. 



con1.ing tlp to it" Although 1!:hi~ may .mppe<ll.!f as a p~opo~al of. me~hanism. it i~ 
wdtt~n thuiil to indhc~t~ inte~mediates, The Ru.DP will ll':'e;a(;f: with C0l 9 o:r 

· tSom!l';;~hing weiry do~ely ll'el;•;;~:ed 1\:o COJ>" to fol"m a k9to aid,d inteJrmediateo '.i:'his 
ksto ~'f.dd mmy be imm~di.ately hyd!folyz.ed by water. to give \\:wo mole~ules of PGAo 
Now this :lfljH~ction ll':'esults in a lflf!lall:'rangemen.t of th€ 1red.ox levels of the· ~va:tt'iou.li:\ adds 
invqhredc · The COl., ~tall'ts out much more oxidi.zed0 and i(t; ends up a~ a <r.<if.rbo.lq"l 
g!foup,, a bit ll'educed, In o:rdew to do this,, something else m.ust be ox.idia:ed9 aud the 
thing that is Qxidized0 of e:::oursep i~ the No,, 3 carbon atom of the :rribulofH~n v~hich goe;}' 
born an enol~ al<f.ohol 0 Olr' ketone to a ~aJrboxylk add leveL Therefore, we <f.aH 
thil'il who:ile system ca!fbcu~ydismuta~eo meaning a carboxylation and dismutation of 
:~redox le·~els » one going up and the other going downo 

We have eviclence now that the inte:rrmediate keto acid actually existso 
7 

We her\\te seen it in the dipho8phate area of Figo 4o · 'I'here is also an indication. of an. 
inteJrmediate lying between CO and the keto addo The evidenlf.!e is in the fo1rm of , 
vex·y labile :!radioadivity o It b~·utves very :much as though it we'l!"'e «i mixed anhydride of 
adenylior; add and colD which might be enzyme=boundo 8" 9v !0 Thex-e seem to be two 
thingsv now. between COl and PGAo These are the labile complex tha.t I mentioned 
and the keto add. ,?,=calfboxy=3=ketopemtosec- l » 5=dipho:aphateo While the b.l':fi:e:lf o and 
a dose ::i"elative· ot7it'"-=namelyQ l=<ea1!"boxy=4~·ketopentoae~· 1" 5codiphosphate=·=have 
indeed be®~ s.een9 the evidence. fOX' th~ h.b~le. or_'~ad~.ver,'.' COl whidl would. 
plf'ecede th1s 1s mulCh less certann" Thts ex1.sts p:rt'lmanly m the form of an 
additional total fixation. determinable by other than plating methods when the algae 
;u'e kUled in cold Ol'gank solv<imtso No other .dhed ewidenc® of thie Jlabil~. Ol" 

rcadiw~er. 11 co
2 

ia yet av1Ailable to u.s~ R.O fu some of the eady e~peli:"imentl$ we beli~w~tl · 
th~t we had tJ:>apped the labile CO 2 by beatment with hydroxylamine at low fcem.pe:lraitu~:H~ 
followed by chl'OmGll.togxoaphyo However r. the spot~ appe@bring in thes.e bydlf9Xylamine" 
beat~d ch:iromatoglram~ hawe since be®n shown to b® «:h:~romatogF'aphic &ll"tifa~b due 
to the presence of hyd:!foxyb.minec l! 

Figure R 3 0 which showS~ the photosynthetk c~:!rbon ~yde ae it now stand a in 
aU it~ detllll.ils" lt!Ont&i!J.s in it one (!,;:ompound enclosed in bl('adttei:'ll" This is e:rryth:Jro~e=· 
4~phosphateo Although both the formation of c.:rrythX'oSJe=4=phosphate hom 3·= 
pho~phogly6e:rr01ldehyde and bu«:tose=6=phosph&te 0 and ib ~ombination with 
dihyd:rroxy@bicetone phol!l!pbate to fo1rm sedohepil:ulose= li 0 7 =diphoa:phat~ have been 
demon~itlfmfced in vitt:ro 0 li ln l3 Q 14 e1rythll.'O!H~=4'-'ph.osphate h/!!13 notr. until now,, been 
detecil:ed in eXt!:ll'adi of algae allowed to CCl:lf:fi'y On phOtOB}mtheaie in ~be pFegjeni.\::e of 
cU4o 2 v XlOl"D as fall" &fi, W® &lr'e &WilU"er, has it b~en found to OCCCU.l' natu:JJ:"ally in <any 
othelf phmt eystemo W® h~we lfelf.!ently b®en ~ble to demonf'llt:rrat~ 1\:he pll"~R>ence ©f 
elt'ythll>ofile=4=phosphail:e a.mongott; the ~ug~ll' phospba.teB in Chlorrell~ that we1t'e 
in~ub@l.ted in ilie light for 3 minutes in the p~esen~e of C ~O,i-:1l~This w~u1 possible 
be~~use of the exil::ifemely long dev(dopment ti'tmes f.;ha\1: weJre ~sed to l!!epalr@l.fte the 
phosphail:e <alr'Si!U! in bo1l:h '!:hl'omatogll'aphie dirriensioneo M@.ny new 
pho~phateo·«:Ontaining SpOfbSJ appea1<:>ed undelf these dl£'cume1l:a.ncesn ~nd among ti;hl!';}s.n 
W~$ 1fo\itnd one whkhv dtte:!f dephospho:!fylation ~'ith ph~oph<Z.tGAI'H':,, p:!foduced eli:'yih'E'o~eo 
It thu$ appealf~ that ewell:'y ai!:age of the photi:oeynil:heti~ o::aJrbon «:yde shown in Figo 1l3 
is no;r<? known ~.nd hae been teall'E'ied out enz;yrn@.ti~t!.Uly afi! ;a sepa.lrate 1re~dion0 and 
,ewe~y eompound shown h«ll.s been de:monstlf®.ted to be p:rres~mt in the photo@ynthe~izing · 
alg@!.eo 
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· StHl another e,;;:periment of the ea:rrae sol"·1; has been dlescrJ:ged iu whi!;';h 
cy&nide is ir'epol·ted to oblitel"ate the ~oX'mG~.tic::.n of glyce%'k addlo "'· 

0 
Thia isr, !£J<f 

ccnJ.t;f:ie0 what one wcmld e:n:ped if the <;:yan:~d,e :t·e~.ded. with aU of tb.e (::GI.:rbon. clioxid~' 
acr.:epto? «l"ib,ulose diphoephate» rw that the gly¢;;e,:r,i.c ad.d t;;:ould i!Ot be :~re~fo1~m.ed." 
while the ph~tod).emkal li"eaction :!E'edu~es whateve:r glyt:ei>.•k add==and itn. dE!1'ic, 
va.tive®= =may al&-eady be pll:'eaent to euga:r. 

Another experiment which. tllee:r.ns to have a bea~h1g on this pt>oblero. waa 
:il.'eeen&ly repo:rted by Gibbe 9 who fed labeled foYmate'; in the p1.·esenctt;; o£ S%ux:a·= 
la.bel®d COzs to algw.e. '1.7 :§:"'rom these ~.lgae be was a.ble to isolate eia.:!f~b bo~n 
which glue;oae ~on~~illi.ng most 0 OF dlv of it~ lab®l in the c4 positiOJil was obt;gJ,necL 
Thie. wae ®aid by Gibbili to ind.i~ate that C02: (at tl1e So/Qlewel) b.ahibited 'il:b..e phc~to= 
2yntb.eti~ ~ax-bon «:yde ~..nd that formate waa an intermecliate on the wJ<Sl.Y between. 
cal'!bon dio:Itid\e and hexose. Since alga® &1l'e q\dte, capable oli glt'owing «&:u~'il g:;,•owing 
well) in 5o/o CO ;tv it ~S~eema more :reoUJonable to ~'~pposrs that the [oA:'m<r,~e irn ent@:r?ing 
the lltexo$e th?ough some l"Oute quite bu:ll.ep®n.dent of the photosryntheti~ ~aE'boa ~y~le=·O 
fo:lr e:Ir.@.liDp1e 0 bw ~ddition of glydne to forn1. serine ru11.d then &!f'OU!Mi into the h~XOf;;®=o, 
at'Ad th.at this b.e~ose i~EJ quite aepa~:ate from thd pa.1·tidp~ti:ng in ~he photo$ynt.heti~ 
€!&::?bon ~yde" ' 

Still another tl'eaction that o~ctwa i.n plants i8 ~b.~ one ·Ob6e~ved by Wat~bunfg; 
whi~h. leetd.s t': the _fo:r_mation of ~=labe!Q;~~ gl\Atrw:;J.e ad~ via the ea.:rt'h~o:!t1fllation of 
1f=1Y.manobutyrlc acado That thu rea{(!tlon oc.Cl!J.li."til h<UI b~en amply a.emo11tatrated 
hi! m~ny ~at11e~ 0 particulady by .Fullerv 1.9 &n.d Waibu!i'gns obr!3ell."v~tion {~h~f; flv.lloifide 

· in some way induced the decarboxyb,tion ~If· gluta~:,mic ~dd to c~J.t~bon dio:~dll!e ·rU:!.d. 
v=~En~ln.obutyl."itl':: add flleeme well established. l9 o :sO This se<emflil i:o b.ave little to dk» 
wif!:h thti:l photoeynt:h.etic carbon cycle" However, it ie. ~Clli~etv®.ble ftbat thh ®<H!:i"ce 

of. a one·~carbon (t';On'lpO\l!.nd might se!f've ~ome fun€::tion P.n buffe:reing the e~al'fb.o:;.cyl~tio:n 
of the pbotosyntlbeii«: (;~u•bon.cyclea 

That other {;&:ri?box~lat\<m l?e&«:4;ione ~~ t~e pht~e in photo:H;!;yn,ehetr,l'; or.grutiW:fi:l$ 

has lcng been ir<9e.:ogni~ed; lo 'l,~ 33v 3 for e:n:a.w.tp!e~n the incFe~EJr.ed ll'at~ oif ;.:nalic s.m.d 

I 

<i/.Sp~~~i~ ~dd formation in ~he Hgftlt w"'.e re~ognbed i:n ouT wery eadie@t ~xpei'inllenh . .t ·· 
'I'his we @l.tt:!t'ibufb®d to the in<e:re&rH~«i h~'Wel of the th:t"e®=ca:rrbo:n a~ceptoF n Slu<eh aa. 
phosphcpyF~~tlvi~ ~dd o~ py:i!."uvic add itselfv whid:o. could lead to &spail'ti.z:: @l.dd., 
A eim.ill.at" Femdion halE\ been demonst!'ated in the purple bade)!"i@l. by F'Wlllelr" 35 
Undo'iJ!btedly there ar~/ptb.el" pointe of entry of one=(;a:!fbon (l;Ompouncla into the {:~:r?bo~ 
@keletoEI~s in gv.een pl~'ntllil ae well as othenr oA"ganilllm.r;~. That tlume poin\t~ of ent:lfy 
wiU be affeded by light may vel!'y well be expe(r;(~!@,: in view of the i<;>.f;t ~h&t ~h.e 
iu.tr.:n?m.~ditl?.tte~l :rrequh.•ed folf the real~tione with ~Gk2r>bcn dimd.de n').Uf!t be d~&wn fl!'om 
tf::te photo:6Jyntl't~1\:k C@irbon ((;yde ~B shown tn Fig. A 3 0 m~l?@£1£\®d ~~onE:;:entJ?ationa of 
!f'edu.t!~Hi ~of~dorte bom the light I;"eaction mi.ght ml~o be ~xpeded to ffltimv.laf::e 
!f'ed:udiwe re~c;Uons ( e" g. 9 mali«;:. deb.yd!'ogcena® e)" 

Figu:!fe Hr ahowa Q:b.e !i'e!atiov. of ~b.e cm.X'bcm.=:!?e€,lv..~Cion cydl.e in·photol!ilyn'ti:he~mis 
to tbe photo~herac.l.iaftl?y inwolv®d=c•tl':u~.t h 0 to the g><ll.di&t;ion du~;m:ia!tt-y wi~b whidil 0 aff4®t..' 
<l!llv vue are ultima!1tli!lly ~onc®l\"l!ledo The m~~Jh..ine:E'y==l:he geG\:ring==\l;h@'.i; l?uns ~he e';!1f'f~le 
tr,:l)me s in on ~be upp,er left. Fir~t of all w® have ~he qu&nt"Jim em.t®ringr ~~<C:®J?it®d by 
tb.~ <~hl~n£>ophy]~]. ~.d t7ran.td'Oll;'iZM.ed in some w~·)! ~o &;~v~ €A. .. JP~du~~:rt.g &ge:ntv b.®Yf® l~b®led 

Jf! &x:td itl.U. OJ:;:ll.(hzmg age:nU: 0 he!"e l@l.bel12d l CJ;)i o 'Ji'h.e l 0] u},hm~lt~Jl.y bca:reome!ll 
mole©ula.r oxyg®no Tt\4\!l {H) ie \U~eci to lred\uce tl11f;; ~lly~<i'H~i~ ~did to ~?.ioee" 
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Fig. 14. Suggested cyclic scheme for relationships in photo
synthesis. 



Helfe we must be ~on~e:J?ned with the X'emainde'f of the p~ocesHl!~ ~nd the 
ne~. thing we w~t to di$~uas is the path of oxygeno You wi.H notice wheal!: h~,pp®ned 
tc the p~th of c:a.1rbon afteF aome t~n ycea:rrt'il of inve~tiga.tiono l!"'lfom COl on. on~ end 
to polytHM~<eh~wide~ on the othelf v we have the whol~ scheme of C!;ydi\C intelfmediaten c 

These we1re all plfetty mu~h woif'ked out by use of the ra.dioadive methods of analysis 
all'feady descdbed. Unfo:lftu:nately" we· don~t have a lradioa.dive isotope of oxygen 
that liwerm long enough to giwl!!l UB the time to do thisc The only thing we know ~bout 
that path of oxygen is due to the wolfk of Ruben. my p~edect'HUOlf 9 who was a.blte to 
Bhow==uaing heavy oxygen (oxygen·,·li8»~-=that the molecular oxygen from. the pl~n.t 

- h~s it~ pX"imaE'y ~ourcce i.n the watelf molecule and not in the C02:" The o.2~:yg11m 
~toms of the COl have to go by exchange into wat®l' before they come out as 
molecular oxygei'L 

The X"ea'illon that Ruben Wltll.S able to do this twenty yeaurs ago was that he 
kn~w what the be~inning of the Feaction waav namely,) watelf and colD a.nd he knew 
what the end wafllv mole((';:ub.r oxyg·eno Thus he (\:;Ould determine the t!elation betw®en 
the two with theOJ\,8 and the mass spedFometer" Howewer" he could :not~ u~ing 
these methods. det~l'mine what went on between these two ext:wime9 0 s.;inti:e in oll'd~Jr 
to m@l.kfl!l .m.n an~y~is in the mal!~ fipec~:~rometelf it i~ ne<t:e~$a.Jry to i.aolate th@ mli.ti?J)rial 
and it i!m p:!r<2Ht:i~ely this thing wbi«;h one ~ould not do without knowing what to bolaf&e., 

A method 'has been developed that 'Will pelrmit us 1\:o do -w·elry muc;h the ~~.m€? 
fillol!'t of thing with oxygen= 18 as we haw4:l done 'rrith c~:rbon" 36 Thilil m.~tbod d~pend~ 
upon the f~«;;t that oxygen= 18 can be ~ctivated by plroton bomba.J?dment 1rather 
spedfi~~.Uy to fluodne=·R8" Fli8 is :r.r~dioaetiw®o with a hdf=iife of ~bout 2. hou:R'So 
Wha.t w~ do h to pedorm an ~rdinary photoeyntheti~ experimentu but in~t~ad of 
using ordin;;t.ry wate1r we u.eed heawy wa.ter 9 Hzoii.8o Then we make a ch.:if'omatoglfa:n:-1 
~s b@forei) :f~ c&n only do one=dimel!lnsion!id chl!'omatogX"aphyo In olfder to d~te.ran.in.e 
whe:lfe the 0 is on the cht"omatogramv we hold it up h1 flfont of the cydotron and. 
sp~aypl't'otons at ito The activated dll.l'OmatogFam ill' allowed to cool folr ~- fe·.w 
minutes and then we take a ph;tu~ of it~ a E'adioautoglraph" as befol't'e" It is mu~h 
"hottell"'a tb.an any carbon we ever h@l.d {it has & two=houlf half life»" and we find out 
where the/ oxygen= Hl is on tthe paper 0 We do not have to know wh~t compound~ a:!fe 
prelilenii: in OE'dtal't' to ~I!Uyze for how much ol8 is theX'e" We can find out what kind 
of compound it is born whei1'e it is on the ~hi'omato'gramo We hai.ve done a eM)"' 
minute photosynthesis expend~\nt in H 20 liS as a preliminary tlfi&ilv and h~W@;l been 
able to d.emonsh'ate that the 0 was wbe:~re we had expee::f~ed to find it~ pX"itnadly 
in the phosphate a.Jfeao Jrtt will Jrequill'e much fuJrthe!f d®veloprnent of thi$ t®~hniq,ue 
to b®gin to find the eady pE'oduc1te of w~t1:eil" itlr~n.efoil"mation" · 

TheFe is one last item to dl®~«:::R'ibe omd that is. the pho~o(f;hemical appa)faitus 
it~el:fo The pho~o~hemie!.:al Oll.pp~l!'aftuil of the g1reen pb.nh is ln. the «;:hlott'opl<a.lil~FJ D aU 
the «;:hloE'ophyU is contained in 1Theae «!hloJroplaetso Figure AS shows ~n elediron 
mi«;:irogFaph of a welfy thin ~edion of a «:J.1loFe»pl@J.st at @!. high magnifi«;;at:ion. On th® 
ll!!lft is a whole <eb.lo:woplast!ll; on fthe l'igh.t=hattd Bid~e it is showrl' with a still higbeE' 
magnifka\tio~' «1-nd you <ean ilee it:he layeli." lattice that foli."m.a the gll'@l.na in the 
ehlo:rroplmsto · The stntfr;<£ @l.lrt'l :~roughly about 60 A thkkn and ~hey alfe alte;;>nating 
pE'otein~ <§l.nd lipid·=ttype b.y~rs" 



-25- UCRL-8278 

STEINMAN and SJOSTRAND 

·ZN -1749 

Fig. 15. Ultrastructure of ch1orop1ast:S. 



For this amd a waFiety of other Jre&$onsr we ded.ded that the ¢;:h.lo7:>ophyH 
(((;:Ont~.ined in the ~b.lo:L~opb.5t l~yelftil~ might he fundioniug photodlu~mkally a~J> &n 
o!fd~l~'€;d aJ.li"l!."&Y of pigments and aesodab~d mole~ul@& 9 and not a6 indiwidu~ mole~W.en 
The absorption of light in this oii'de:ll:'ed &l')J,'ay l'aise~ the eledrroru,: i!'orn. the mole~ula;~ 
level to a conduction lewelo The elect:r~ons and holes plfoducced by light ~eoirptiot\ 
ali'e immedia.t®ly separate~ to opposit~ aides of the laminated @\l:l?udure an.d r.®Blu..lt 

· in the tli"ansfoR'mation of abaoJ.rbed ele~Ctll"omagnetic energy in a mannel" similar to 
t.ha.t in a junction pb.otob~tteiryo 38 This function is dependent upon an oEdelred @,~flfay 
of pigment~ and mole~uleso This is not photodu~mistl?y in $~lutiOJ1loo=it might be 
«:alled pb.otophysk~o Thell"e awe examples of photoionization of di~:~~filol'<w~d Jm(>h~~ultefl 
and thell"e al?~ othe1r types of ph.otorchemical J?e~t;;;t.ions of g)}tatisti<C!k"..lly dilileolwed 
molecules o I am deS(;:ifibing now a photophysical effed" an effed in & quasi= · 
c:rry~talline 0\lfll'&y of. mole«;;ules. Thitil .idea was first sugge~t<l\!d apedfi~ally in 
the~t:; telfms by K@ltz in 1949 on the b®,sie of 13ome fi:uOlf@l~H;ence expel'iment~:L, 39 

Thell"e illl a mo:!i:e spedfic physical obse:rrvation which takes this notion .On@ 

$t;~p furthell" o If the light e:xdte~ a lo~alized ele~h·on !:rom a no:nr~ondu.cting lev~! 
into wb..;'ll.t i§l ultimately @1. conduction leweln by wh®.tewei' :me~h~n.is:m it m<£y aJ;~is®v 
and this eledlton then Wftnd®R'S ai'ound to find an impulfity O:K' .a def0d 0 ~nd ~Jtop~ 
thelfep we should b~ able to flle>e th~t odd ele<etiron 0 a tli'~apped eledli'ono Fu.Fitb~i:'mor~, 
the ability to pll"oduce ~uch t1rapped eledli'o:na $hould be J;>e}atively t®mpeJ?atuE'e= 
ind~pendent" The ~bility of thet.J® eledll."ons tlo dli~@l.ppea:!fv of (COUF!llev 'Will clepG!:nd 
on the te:mpell"atux-e. Thi~ we h~ve be®n abl® to obae1fV® 0 omd. Figo R6 show(f} wh~t 
happen~" 409 4li o 4tl The eledl1'0n= epi:n lf®SOnQl.nc~ appalfatuWi detedf!l th.efJ e odd: 
~ledli'ono bett~use of the flipping back iimd for~h of th.eirr spinv and we $®1'; th(S 
@l.pp@l.li'atu~ on the peal..: of the lil\b!lloll"ption signal and tb.en tuJ?n the light o:nc The ~ign.@l.l 
Irises quiddy" Th4!! li'ise time is less than a !ew me~Condso When we. hurn the light offr 
the f~ignal dse time is pFi!ll.dically the same as it ie at :R"Oom te:rnper.'a.tl:ul1"e 0 but the 
de«iay thne is welfy long 0 of the Olfdell" of J:u:mrsc This 1ris~ time is st.iH not,a..n 
intwin~ic lfise time of the ~ample itself. It is simply the rate &t which we put p.t\oton1~ 
ino If we put. in photons at a high enough R'aftev we should be ~ble to e®e ~he ixllt:ft'in@!i«::: 
Jrate of tlfansfo.ll!'mation" or the 11'ate ~f ~~pture" of th.~ elech:>on.s by the t11'aps 9 p:K'o'i.Jided 
the appa1ratus :~.teelf «:::a.n l'eBJpond ll"<apuily enough. 43" 44 . · ' 

Figure 17 is a eket~h of the l'!!ntil"e system" which pub the whole thim.g ~o= 
ge3thex-, The sun h in the uppelf l®ft=hand coi'ner" @\nd :in the centelf' ia the chlo:!r'ophyH 
layell", On one sid® of it alf'e the hole$ «+»and on the othel'v tll"apped e!edll"OxtBi t=Jo 
The oxidizing @\gents leading ~o oxygcen0 the !fedudng agent!!; leadting to hyd.Fog®n 9 and. 
the C~l"bon ~yde ~Fe shown filchem&J.ticaltlyo C~rbon dioxid~ hi cr::oming in to the 
"fibulo~.t\!!l diphosphate" the C() ~dd0 the PGAv ett~ o Now f.:R"om thia ~yde we dJ?&W 
off <e€i.;rbohyd!e'afl:efil (whi~h &J?e cellulose &nd 2ugal"f6 for ~toJ?age»v €.l.JI'omatf.<~:: <.eomp"unds~ 
:f«ll.il;$ 0 ambw «Adds 0 p1roteins" nudei~ ~ddl5 0 etc" This giw~~ ~ome idea. of ~he rre<~ 
b.tl;ionehip of the v~li'ious stJruduX'al f.eatu.:tree and ~he:mkal appall"atu~ of the planto 
You c@l.n ~ee that we b@lve only just begun thra ~ ludd&ti(lln of tthe bio!!lynthetic g>ou\!:efil 
to aU pl1Ant cr::ont$1tituenta 0 and we have hG').lfdly sta~tt:ed the p~fl:h of. oxygeno 
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Fig. 16, Signal-growth and ..:. ~ecay time curves of'whole spinach 
chloroplasts at 25°C and -150°C. 
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Fig. 17. Photosynthesis of food from carbon dioxide. 
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